The enzymes thymidylate synthase (TS), dihydropyrimidine dehydrogenase (DPD), thymidine phosphorylase (TP), and orotate phosphoribosyl transferase (OPRT) are involved in the metabolism of the anticancer drug 5-fluorouracil. No reports have examined the expression of these enzymes in prostate cancer (CaP). A total of 25 previously untreated, hormone-sensitive CaP tissue samples and 11 benign prostatic hyperplasia (BPH) specimens were examined. Tissue of CaP and BPH tissue samples were obtained from formalin-fixed, paraffin-embedded sections by laser-captured microdissection, and then RNA was extracted. mRNA expression of TS, DPD, TP, and OPRT was analyzed by quantitative reverse transcriptase-polymerase chain reaction. TS and OPRT expression levels were significantly higher in CaP samples than in BPH. DPD expression level in poorly differentiated CaP was significantly lower than that in CaP with more favorable-well or moderately differentiated-histopathology.
Introduction
Prostate cancer is the most common internal cancer and the second most frequent cause of death from cancer among men in the United States. 1 In Japan, despite the lower incidence of prostate cancer than in the United States, the disease has been gradually increasing in recent years. Although its etiology is unclear, it is thought to be multifactorial, with genetic, dietary, and environmental causes. Although prostate cancer initially responds to androgen ablation therapy, most cases ultimately become hormone refractory and show failure of treatment. 2 The prediction of tumor behavior is important, because more intensive treatment is necessary before the development of hormone refractory prostate cancer (HRPC). Pathological grade and clinical stage can strongly predict tumor aggressiveness, 3 but no useful molecular marker has been established. Therefore, further investigation is warranted.
Thymidylate synthase (TS), dihydropyrimidine dehydrogenase (DPD), thymidine phosphorylase (TP), and orotate phosphoribosyl transferase (OPRT) are enzymes in the metabolism of 5-fluorouracil (5-FU). 5-FU is widely used as a cancer chemotherapeutic agent, 4 and is sometimes effective in combination with other anticancer agents and is used in HRPC patients. 5, 6 5-FU exerts its anticancer effects through inhibition of TS and incorporation of its metabolites, fluorodeoxyuridine monophosphate (FdUMP), fluorodeoxyuridine triphosphate (FdUTP), and fluorouridine triphosphate (FUTP), into RNA and DNA. 4 TS is the key enzyme that catalyzes the methylation of deoxyuridine monophosphate (dUMP) to deoxyuridine thymidine monophosphate (dTMP), which is an important step in the process of DNA synthesis, and is the target enzyme of 5-FU. 7, 8 Earlier experimental and clinical studies have shown that low TS activity in cells results in low DNA replication. 9 Some reports demonstrated that high TS expression in tumors was correlated with a favorable response to 5-FU. [10] [11] [12] [13] [14] [15] [16] DPD is the initial and rate-limiting enzyme in the catabolism of 5-FU and inactivates 5-FU. 17, 18 Some studies demonstrated that tumor DPD activity is often markedly elevated in some tumors, particularly those that are relatively resistant to 5-FU. [19] [20] [21] The main mechanism of 5-FU activation is conversion to fluorouridine monophosphate (FUMP)-a reaction catalyzed by OPRT. Some reports revealed that high OPRT expression might correlate with tumor aggressiveness and with high sensitivity to 5-FU. [22] [23] [24] TP reversibly converts 5-FU to fluorodeoxyuridine (FUDR), which can then be converted to the active metabolite FdUMP. 4 TP is not only an enzyme but also an angiogenic endothelial cell growth factor. 25 Although 5-FU shows therapeutic efficacy in some HRPC patients, there is no clear predictive factor of prostate cancer sensitivity to 5-FU. Before using 5-FU in HRPC patients, it is important to predict whether it will be effective or not.
As mentioned above, several reports have demonstrated that the expression of these enzymes is associated with 5-FU drug efficacy or outcome in some solid tumors such as colorectal, gastric, breast, lung, and renal cancer. Expression of these enzymes may predict 5-FU sensitivity or the outcome of prostate cancer. Further analysis of their expression in prostate cancer may lead to understanding of their roles in the development and progression of prostate cancer. The objective of the present study was to clarify the relation between TS, DPD, TP, and OPRT expression and clinical characteristics such as pathological grade and clinical stage in prostate cancer.
Materials and methods

Patients and specimens
A total of 25 randomly selected cases of prostate cancer at Yokohama City University Hospital were analyzed. All of the specimens, which were obtained by radical prostatectomy (23 cases) or pelvic lymph node resection (two cases), were diagnosed as previously untreated, hormone-sensitive prostate cancer. Data of samples are listed in Table 1 . A total of 11 samples of benign prostatic hyperplasia (BPH) tissue obtained by prostatectomy were also analyzed.
A representative formalin-fixed, paraffin-embedded tumor or normal tissue specimen was selected by a pathologist after examination of hematoxylin-and eosinstained slides. Sections (10 mm thick) were stained with neutral fast red to enable histological visualization for laser capture microdissection (PALM Microlaser Technologies AG, Munich, Germany), which was performed to ensure that only tumor cells or normal tissues having no cancer invasion were studied.
RNA extraction
RNA was isolated from formalin-fixed, paraffinembedded specimens using a novel, proprietary procedure (Response Genetics, Los Angeles, CA, USA: United States patent number 6,248,535).
The tissue samples to be extracted were placed in a 0.5 ml, thin-walled tube containing 400 ml of 4 M dithiothreitol (DTT)-GITC/sarc (4 M guanidinium isothiocyanate, 50 mM Tris-HCl, pH 7.5, 25 mM EDTA) (Invitrogen, Carlsbad, CA, USA; #15577-018). The samples were homogenized as follows: with the homogenizer (Ultra Turrax T8) off, the homogenizer probe was immersed into the sample to be homogenized. Starting with the slow setting, the homogenizer was turned on and the setting increased to five for 10-15 s. After processing each sample, the homogenizer probe was washed 3 Â with 10 ml of fresh water. An additional 60 ml of GITC/sarc solution was added after homogenization. The samples were heated at 921C for 30 min and then transferred to a 2 ml centrifuge tube. To the tissue suspensions were added 50 ml of 2 M sodium acetate, pH 4.0, followed by 600 ml of freshly prepared phenol/chloroform/isoamyl alcohol (250 : 50 : 1). The tubes were vortexed for 15 s, Expression of TS, DPD, TP, and OPRT in prostate cancer Y Miyoshi et al placed on ice for 15 min, and then centrifuged at 13 000 rpm for 8 min in a chilled (81C) centrifuge. The upper aqueous phase (250-350 ml) was carefully removed and placed in a 1.5 ml centrifuge tube. Glycogen (10 ml) and 300-400 ml of isopropanol were added and the samples vortexed for 10-15 s. The tubes were placed at À201C for 30-45 min to precipitate the RNA. The samples were then centrifuged at 13 000 rpm for 7 min in a chilled (81C) centrifuge. The supernatant was poured off and 500 ml of 75% ethanol was added. The tubes were centrifuged at 13 000 rpm for 6 min in a chilled (81C) centrifuge. The supernatant was carefully poured off so as not to disturb the RNA pellet and the samples were quick-spun for 15 s at 13 000 rpm. The remaining ethanol was removed with a 20 ml pipette and the samples airdried for 15 min. The pellet was resuspended in 50 ml of 5 mM Tris. The assay was validated for precision and accuracy by reproducibly analyzing a series of microdissected paraffin-embedded tumor specimens using different operators on different days and different equipment. Briefly, the quantifiable range for each gene was determined by serially diluting RNA over a multi-log range and amplifying by reverse transcriptase-polymerase chain reaction (RT-PCR) using various gene-specific primers and probes. The concentration (log RNA) was plotted against the delta CT (threshold cycle) values obtained on the ABI TaqMan 7900 (CT target geneÀCT b-actin). The useful range of quantifiable values was determined according to ABI User Bulletin #2 to be the CT values where the slope of the line is less than 0.1. In this manner, we determined the acceptable linear range (validated range) for each gene. Average % CV between replicates for precision and accuracy was less than 9%.
We have tested samples for fixation times in neutral buffered formalin for up to 15 days and have found that, while the level of RNA may decrease by up to two-fold, the ratio of gene expression (target gene/actin) remains the same.
Reverse transcriptase-polymerase chain reaction
After RNA isolation, cDNA was derived from each sample according to a previously described procedure. 26. Target cDNA sequences were amplified by quantitative PCR using a fluorescence-based real-time detection method (ABI PRISM 7900 Sequence Detection System (Taqman), Applied Biosystems, Foster City, CA, USA) as described previously. 27, 28 cDNA sequences of each probe are listed in Table 2 . The 25 ml PCR reaction mixture contained 600 nmol/l of each primer, 200 mmol/l each of dATP, dCTP, and dGTP, 400 mmol/l dUTP, 5.5 mmol/l MgCl 2 , and 1 Â TaqMan buffer A containing a reference dye (all reagents were supplied by Applied Biosystems). The PCR conditions were 501C for 10 s and 951C for 10 min, followed by 42 cycles at 951C for 15 s and 601C for 1 min.
Relative gene expression was calculated from the RT-PCR reactions by the delta-delta CT method. Delta CTs (CT target geneÀCT b-actin) were converted to relative gene expressions by comparison to gene expressions fixed as 'known values' in Stratagene Universal RNA. Delta CTs were standardized for plate to plate differences by comparison to several control RNAs analyzed on the same PCR plate. These control RNAs were purchased from Stratagene (Stratagene, LA Jolla, CA, USA; Universal RNA, Diseased Colon and Diseased Lung). When a specific lot of control RNA is exhausted, new lots are calibrated by comparison to the previous lot of Stratagene Universal RNA.
Statistical analysis
Tumor grade and stage were classified according to the Japanese General Rule for Clinical and Pathological Studies on Prostate Cancer (2001 revision). 29 Informed consent was obtained from all of the patients in this study.
Mann-Whitney U-test was used to analyze the correlation between TS, DPD, TP, and OPRT expression levels and pathological grade and clinical stage of prostate cancer.
Results
TS, DPD, TP, and OPRT mRNA expression was identified in all samples, including BPH and previously untreated prostate cancer tissues. TS and OPRT expression levels in prostate cancer were significantly higher than those in normal prostate (P ¼ 0.020, 0.021), as shown in Figure 1 and Table 3 . On the other hand, there was no correlation between DPD and TP mRNA expression levels in prostate cancer and BPH (Table 3) .
From the viewpoint of pathological grade, DPD expression level in high-grade tumors (poorly differentiated adenocarcinoma) was significantly lower than that in lower grade tumors (well-and moderately differentiated adenocarcinoma) (P ¼ 0.038; Figure 2 and Table 3 ). (Table 3) . 
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Recently, it has been reported that TP/DPD ratio shows a significant correlation with the sensitivity to fluoropyrimidine analogs, such as 5 0 -deoxy-5-fluorouridine (5 0 -DFUR) and capecitabine, but not UFT. 30, 31 Moreover, metastatic colorectal tumors responding to fluoropyrimidine-based chemotherapy have a higher OPRT/DPD ratio than nonresponding tumors. Furthermore, a higher OPRT/DPD ratio was associated with good survival in metastatic colorectal cancer. 22 We calculated TP/DPD and OPRT/DPD ratio for combined analysis of TP, OPRT, and DPD expression. Our study demonstrated that TP/DPD ratio in advanced stage (Xclinical stage C) tumors was significantly higher than that in more early stage tumors (pclinical stage B) (P ¼ 0.016; Figure 3) . OPRT/DPD expression ratio in high-grade tumors (poorly differentiated adenocarcinoma) was significantly higher than that in lower grade tumors (well-and moderately differentiated adenocarcinoma) (P ¼ 0.035; Figure 3 ).
Discussion
This study demonstrated that the mRNA expression levels of both TS and OPRT in prostate cancer were OPRT expression level in prostate cancer was significantly higher than that in normal prostate (Mann-Whitney U-test, Po0.05). In the box plot analysis, median, 25th and 75th percentiles, and outliers are shown. PCa, prostate cancer; abU, arbitrary units. DPD expression level in high-grade (poorly differentiated) prostate cancer specimens was lower than that in low-grade (well or moderately differentiated) prostate cancer (Mann-Whitney U-test, Po0.05). In the box plot analysis, median, 25th and 75th percentiles, and outliers are shown. *well þ mod, well-and moderately differentiated prostate cancer; poor, poorly differentiated prostate cancer; abU, arbitrary units.
Expression of TS, DPD, TP, and OPRT in prostate cancer Y Miyoshi et al higher than those in normal prostate, using quantitative RT-PCR analysis. TS is an essential DNA de novo synthetic enzyme that catalyzes the methylation of dUMP to dTMP. 8 Previous experimental and clinical studies have shown that high TS activity is correlated with high DNA replication. Generally, enzyme activities of both de novo synthesis and the salvage pathway in cancer tissues are upregulated compared to those in normal tissues. TS mRNA expression level in lung cancer tissue was also higher than that in normal lung tissue samples. 12 In gastric cancer tissues, both TS activity and mRNA expression levels were higher than those in normal gastric mucosa. 32 Although enzyme activities and gene expression are not always correlated, our results suggest that TS may play an important role in prostate carcinogenesis.
Some studies have demonstrated that TS expression or activity is elevated and associated with a worse outcome or 5-FU efficacy in many solid tumors such as lung, breast, gastric, colorectal, and renal cell carcinoma. [11] [12] [13] [14] [15] [16] Shintani et al 12 reported that stage I and II non-small-cell lung cancer tissue showed a higher TS mRNA level than normal lung tissue. Further, a high TS mRNA level was independently associated with worse disease-free survival in stage I and II non-small-cell lung cancer. 12 In renal cell carcinoma, Mizutani et al 13 demonstrated that high TS activity was correlated with advanced stage and higher grade. They also revealed that TS activity in primary cultured renal cell carcinoma cells was positively correlated with sensitivity to 5-FU. Kuniyasu et al 15 revealed that 5-y survival of the high-TS group was significantly shorter than that of the low-TS group in 134 gastric carcinomas. Johnston et al 16 reported that TS protein and TS mRNA expression are each predictors of the response to 5-FU-based chemotherapy in patients with colorectal or gastric cancer.
OPRT is an enzyme that converts 5-FU into the active nucleotide form. In renal cell carcinoma and bladder cancer, OPRT activity in tumors was significantly higher than that in normal tissues. 23, 24 Our data also indicated that the mRNA expression level of OPRT in prostate cancer was higher than that in normal prostate. OPRT may also play an important role in prostate carcinogenesis. High OPRT gene expression is associated with a favorable outcome in colorectal cancer patients receiving oral treatment with 5-FU derivatives, tegafur-uracil and leucovolin. 22 Mizutani et al 23, 24 analyzed the activity of OPRT in renal cell carcinoma and bladder cancer, and reported that a high OPRT activity level was correlated with advanced clinical stage, high tumor grade, and high sensitivity to 5-FU. In addition, high OPRT was associated with shorter postoperative disease-specific survival in renal cell carcinoma and early recurrence in superficial bladder cancer.
Our study indicated that DPD expression level in lowgrade prostate cancer specimens was significantly higher than that in high-grade tumors. Although there were no significant differences between DPD expression levels and clinical stage, DPD expression might be associated with aggressive tumor behavior in prostate cancer. DPD is an enzyme involved in the degradation and inactivation of 5-FU. Patients with DPD deficiency have severe 5-FU toxicity, 33 because of decreased 5-FU catabolism. In contrast, high DPD expression in many tumors is correlated with resistance to 5-FU. [34] [35] [36] Moreover, DPD expression is often associated with tumor aggressiveness or poor outcome in some cancers. [34] [35] [36] Takabayashi 
